Since the discovery of graphene, and due to its unique properties, we have witnessed a growing interest in the use of graphene-based devices for applications in the most diverse areas, namely in biosensing, particularly in the detection of genetic material. DNA can bind directly to graphene without the need of a linker and that makes this platform highly interesting for biosensor development.
Introduction
The medical community needs detection systems that are fast, reliable and easy to use. DNA biosensors are a technology that is growing rapidly and that presents itself as an alternative to the classical gene assay. [1] [2] [3] [4] Apart from the low-cost, simplicity and miniaturization possibility, the ability to detect single nucleotide polymorphism is one of the main advantages that DNA biosensor technologies present. Single nucleotide polymorphism is a variation in a single nucleotide that occurs at a specific position in the genome, and has been correlated with various disorders/diseases, including cystic fibrosis, Alzheimer's, Parkinson's, diabetes and various cancers. [5] [6] [7] [8] In order to fabricate high quality microelectrode arrays by photolithography there are three steps that are crucial, i) photo mask design, ii) photoresist spinning and exposure and, iii) photoresist development. The photo mask is a nearly optical flat glass or a quartz plate covered in chromium and a photoresist. The photomask design is related to the writing of a specific pattern on a mask into a layer of photoresist using a direct write laser. The pattern is transferred from the photoresist into the chromium by chemical etching. The photomask can be placed in direct contact with the production wafer coated with photoresist while UV light is shined trough the mask. A reduced image of the photomask can also be projected into the photoresist of the target wafer. For applications that do not require a high throughput, during the optimization of the design and of the fabrication process, the fabrication of the photomask can be replaced by a direct write on the target wafer using a laser. Adequate choice of photoresist and optimization of the process conditions allow the creation of sharp vertical photoresist walls, which in turn leads to the accurate transfer of the photoresist pattern into the materials deposited on the wafer, which is among its main advantages. [15] Here we fabricated arrays of microelectrodes of 40 µm of individual size, by employing direct-write laser photolithography to define the pattern in a gold thin film followed by the definition of additional electrodes and passivation layers. The fabricated arrays were covered with a graphene monolayer in order to allow functionalization with DNA. The resulting sensor was able to detect concentrations of fully complementary DNA in the range between 5 pM to 5 nM, while keeping the sensitivity to single nucleotide polymorphism.
Experimental
Materials. All components of buffer solutions (Na2HPO4, NaH2PO4, NaCl and MgCl2) and all the solvents were from Sigma-Aldrich. Ultrapure water (18 MΩ cm, Millipore, Bedford, MA, USA) was used throughout the experiments. The probe DNA, (5'-AGC TTC ATA ACC GGC GAA AGG CTG AAG CT-3') had a C7-amino modification on the 3' end and a Atto MB2 modification on the 5', the complementary DNA (5'-AGC TTC AGC CTT TCG CCG GTT ATG A-3') and the SNP containing target (5'-AGC TTC AGC CTT ACG CCG GTT ATG A-3') were synthesized by Metabion International AG, Martinsried, Germany. The melting temperature, Tm, of the DNA was estimated using DINAMelt web server [22] , and, in the hybridization buffer (10 mM PB/150 mM NaCl/50 mM MgCl2) was 63.9 ºC for the probe DNA (beacon), 82.7 ºC for the fully complementary duplex, and 80.8 ºC for the single nucleotide polymorphism containing duplex, while in the working buffer (10 mM PB) it was, respectively, 42.9 ºC,.58.9 ºC and 55.1 ºC.
The high purity (> 99.99 %) 25 µm coper foils used for the graphene growth were purchased from AlfaAesar and Goodfellow.
Design of the microelectrode arrays. Each array is composed of 60 disks of 40 µm arranged in 11 lines of 5 or 6, forming a triangular lattice with a spacing of 400 µm (figure 1B) in order to avoid overlapping of the diffusion layers [23] , and connected between them by lines of 12 µm of width forming a planar truss. Two larger additional contacts are present (figure 1A), 11.4 mm × 3.7 mm, used as counter and reference electrodes. The electrical contacts are driven to the edge of the chip, to electricals pads with 1 mm pitch. The chip is designed to measure 21.75 mm × 21.75 mm after dicing, mating an edge card connector (Samtec MB1-120 for 0.80 mm thick board) connected to the measurement system.
Fabrication of the pre-patterned microelectrode arrays. The substrate used is a 200 mm Silicon wafer (B-doped, 8-30 Ω·cm, LG Siltron) with 200 nm of thermal oxide. The wafer is sputtered with Cr 3 nm / Au 40 nm, where the chromium acts as an adhesion layer. An optical lithography using direct write layer (photoresist AZ1505, 1035 nm) defines and protects the contacts: disks, current lines and additional electrodes. The contacts are etched by ion milling using an incident flow of neutralized argon ions at 40° from normal incidence using mass spectrometer of the residual gases to determine the end of the process.
Next, an insulation of the electrical lines is done. To this end, an optical lithography is performed, clearing photoresist on the lines to be insulated. A stopping layer with composition Al2O3 10 nm / TiWN 15 nm / AlSiCu 100 nm / TiWN 15 nm is sputtered onto the wafer, and lift-off is performed in a stripper (Fujifilm Microstrip 3001) at 65 °C with ultrasonic agitation. This stopping layer covers the gold electrodes and the silicon oxide, protecting them from the reactive ion etching process of the passivation layer. It starts 2 µm away from the current lines, because the current lines and the area within 2 µm will be covered in the passivation. The wafer is then covered with the passivation multilayer grown by plasma-enhanced CVD and composed of [SiNx 50 nm / SiO2 50 nm]2 / SiNx 50 nm. An optical lithography defines the area to be passivated. Reactive ion etching (RIE) is used to etch the multilayer. During this process, the top layer of TiWN is etched away, and the process of etching stops on the aluminium layer. The remaining photoresist is stripped by oxygen plasma and the stopping layer is removed by wet etch. First, the aluminium is removed by brief exposure to the photoresist developer (AZ400K 1:4). Then, the TiWN layer is removed by dissolution in 30% hydrogen peroxide. Finally, Al2O3 10 nm is removed by exposure to 4 min in the photoresist developer. It is to be noted that the alumina layer acts as a diffusion barrier, preventing the diffusion of aluminium from the stopping layer into gold (which would create a less conductive intermetallic). The TiWN prevents the intermixing of aluminium and alumina, creating phases more difficult to remove by the soft wet etch used. This combination of protection layer remains easy to be removed without letting detectable contamination on gold. The passivation layer extends 4 µm beyond the width of the current line, overlapping the limit of the stopping layer. This overlap is necessary to make sure that no oxide is left exposed to the reactive ion etching, which would result in opening an access to the doped silicon and a possible short circuit. After the removal of the stopping layer by wet etch, the passivation layer is left suspended in the outer 2 µm. The suspended part can easily break during processes using ultrasonic . The sides of the passivated gold layer, which is composed of passivation stack on the oxidized silicon, is noted 2). The outer passivation, which is suspended due to the removal of the stopping layer underneath, is noted 3). Figure  S1 in ESI is a full size image where 1, 2 and 3 are easily noted. The scale bar in B is 500 µm and in C is 50 µm.
agitation. This effect can be seen on figure 1C . The broken insulator in the outer 2 µm of overlap does not cause any malfunction of the device.
The next lithography is used to open the area of the electrode used as a reference. A layer of platinum 20 nm is sputtered onto the exposed gold area of this electrode. A lift-off is performed in acetone in ultrasonic agitation. Another optical lithography is used to open the areas of the pads, then TiWN 50 nm is deposited and lifted-off in Microstrip 3001. This strong and conductive nitride protects the gold underneath to allow multiple mating of the silicon card with the connector. The wafer is then sputtered with Al2O3 10 nm and an optical lithography open the disks where graphene is going to be transferred. A wet etch using 4 min exposure to the photoresist developer removes the Al2O3 from inside the disk. The purpose of the Al2O3 layer is to protect the exposed gold of the planar gate from a future exposure to oxygen plasma, which will etch around the gold/graphene disks and might cause damage to the thin film exposed gold. After this step, the pre-patterned wafer is ready to be used for graphene transfer.
Graphene growth and transfer. Single-layer graphene is grown on copper catalyst by Chemical Vapour Deposition (CVD) in a three-zone quartz furnace (FirstNano EasyTube 3000). The 100 mm × 100 mm copper foil is placed inside a graphite confinement box, which reduces the gas flow arriving on the catalyst and the contamination in silicon coming from the walls of the oven. Then the copper foil is annealed at 1020 °C for 20 min in 0.5 mTorr hydrogen atmosphere. These conditions are kept constant while a gaseous mixture H2:CH4 6:1 is introduced in the hot furnace for 30 min for graphene growth.
The graphene is transferred onto the contacts using the temporary polymeric (PMMA) substrate method. After graphene growth, the quality of the graphene layer is assessed by Raman spectroscopy on both sides of the copper foil. The side with the better quality is spun with 600 nm of PMMA 950k. The opposite side is exposed to an oxygen plasma (O2:Ar 2:1, 0.9 mTorr, 250 W, 2 min) in order to remove graphene. The copper foil is then dipped into an aqueous solution of FeCl3 0.5 M at 35 °C, for 30 min. Copper is dissolved, leaving the floating PMMA layer as the substrate of graphene. The PMMA/graphene layer is cleaned in a 2% solution of hydrochloric acid for 30 min to dissolve the Fe precipitates. It is further cleaned in deionized water (resistivity ≥ 18 MΩ·cm) for 5 min. The cleaning steps in HCl and water are repeated 5 times. The PMMA/graphene layer is transferred onto a silicon substrate with pre-patterned microelectrode arrays. Before the transfer, the pre-patterned contacts are exposed to a vapour HDMS priming (Yield Engineering Systems) at 150 °C and 5.9 Torr for 5 min in order to turn it more hydrophobic and ease the removal of water lying between the pre-patterned contacts and graphene. Graphene, which lies in the bottom side of the PMMA layer, is forced onto the electrical contacts by using a gentle nitrogen blow from the top. The remaining water is removed by annealing at 180 °C following a 1 hour ramp from ambient temperature, and keeping the higher temperature for 12 hours. The PMMA is dissolved in acetone bath for 2 hours. The transfer process is repeated for different pieces of graphene until the whole area of the wafer is covered with graphene.
Graphene patterning. After transfer, a final optical lithography defines and protects the graphene disk with 1035 nm photoresist. An exposure to the oxygen plasma (same conditions as above, 2 min) to etch graphene is then performed. The process is calibrated by the duration to remove 100 nm of photoresist together with the single layer graphene (SGL), as confirmed by mechanical profilometry. After this, acetone is used to remove the remaining photoresist and another photoresist coating is prepared for the wafer dicing step (Disco DAD 3350). During the dicing process, the water flow cooling the blade is reduced by half as compared to standard process in order to prevent that the strong pressure created by the incident water flow on the wafer lifts graphene away. After dicing, samples are cleaned with acetone to remove photoresist (without ultrasonic agitation) and ethylacetate, which dissolves any remaining PMMA, and finally dried by a nitrogen blow.
DNA sensor. After the graphene patterning the probe DNA was immobilized on the graphene surface (10 µL drop with a concentration of 10 µM in hybridization buffer) and allowed to react for 2 hours. The aromatic groups of the DNA bases bind to the graphene surface via π-π interactions. [24] After that the chip was gently rinsed with the hybridization buffer, in order to remove weakly attached strands, and characterized electrochemically (cyclic voltammetry and electrochemical impedance spectroscopy) using a solution containing 1 mM of K3Fe(CN)6 and 1 mM of K4Fe(CN)6 and the working buffer as electrolyte. An Autolab PGSTAT302N running NOVA 2.1 was used for the electrochemical measurements.
Results
Graphene microelectrode arrays. Figure 1A shows an optical image of a 200 mm wafer patterned with the electrochemical chips. In figure 1B a zoomed-in view of one microelectrode array is displayed, and figure 1C shows a scanning electron microscopy (SEM) image of an individual microelectrode. It is possible to see in figure 1B not only individual microelectrodes within the array but also the "arm" that connects the array to the conduction lines and pads. Figure 1C shows the individual disk electrode and the six contact lines that connect it to its nearest neighbors within the array. The gold interconnects are covered with a passivation multilayer which extends an additional 4 µm to each side of the metal line (see section 2).
The electrochemical characterization of the fabricated chips, without graphene, i.e. with bare gold electrodes, is shown in figure 2 . The electrochemical area was determined by recording cyclic voltammograms using H2SO4. The obtained result is shown in figure 2A , with an estimated electrochemical area of 1.2 x 10 -3 cm 2 , determined using the oxide reduction peak. [25] This area is only ~1.5 larger than the geometrical area (7.5 x 10 -4 cm 2 ) owing to the smooth gold surface obtained by sputtering. This small ) of one array in a solution of H2SO4 0.1 M; the electrochemical area can be determined from the reduction peak. B) shows that the in-chip pseudo-reference electrode works as expected since there is no difference in the CV shape or intensity, apart from the expected shift in E1/2. The working solution was 1 mM K3Fe(CN)6, 1 mM K4Fe(CN)6 and 100 mM KNO3 as electrolyte.
roughness factor (real area divided by the geometrical area) contributes to the success of the graphene transfer. [26] To test our in-chip reference and counter electrodes an electrochemical characterization was performed in a 2 mM equimolar solution of ferro/ferricyanide. The results, shown in figure 2B , indicate that only the half-wave potential (E1/2) changes when moving from a standard reference electrode (Ag/AgCl, KCl 3 M) and external 1 cm 2 Pt flag as counter electrode, to our in-chip 42 mm 2 reference and counter Pt electrodes. This result indicates that our in-chip pseudo-reference electrode works as expected since there is no difference in the CV shape or intensity. After graphene transfer and patterning, the electrodes were characterized using confocal Raman spectroscopy. The Raman scattering experiments were performed at room temperature in a back scattering geometry on an Alpha300 R confocal Raman microscope (WITec). The system was operated with an excitation laser power of 1 mW using a 532 nm laser line. Figure 3A shows a Raman map of the graphene electrode area. The image was obtained with the WItec clustering tool which compares the user-selected range of D, G and 2D modes in the graphene Raman spectra stored in each image pixel with the same ranges of the 3-dimensional Raman spectra basis showed in figure 3B . To build the image, each pixel was attributed the color of the particular base spectrum (figure 3B) that most resembled the Raman spectrum stored in that pixel, in the chosen range. The measurements were performed in an area of 300 x 300 m 2 , resolved into 100 × 100 Raman spectra.
From Figure 3 it can be concluded that the graphene on the sensor/microelectrode is of good quality and corresponds to monolayer graphene (the I2D/IG >>1 and the FWHM2D ≈ 35 cm -1 ). This Raman study reveals that graphene only covers the electrodes area, as desired and designed in the lithographic process. Figure 4 shows the Bode plots for the various stages of the biosensor development (Nyquist and cyclic voltammetry plots are shown in figures S2 and S3 of ESI, respectively). Starting from the bare electrode there is a tenfold increase in charge transfer resistance (Rct) when 10 µL of 10 µM probe DNA (ssDNA) are allowed to interact with the graphene surface for 2 hours. This increase in Rct is expected since the probe DNA binds to the graphene surface via electrostatic interactions and the negatively charged phosphate groups of the DNA backbone will repel the also negatively charged redox couple.
The probe DNA modified sensor is then exposed to different concentrations of target DNA and, as the concentration of target DNA increases (from 5 pM to 50 nM) the impedance of the array decreases due to fact that more uncovered graphene surface is available for electrochemical reaction. It is known that the ssDNA bounds to the graphene surface via π-π interactions. However, after reaction with the complementary DNA, the part of the DNA duplex that is available for chemical interaction are the phosphate groups which do not bind to the graphene surface. Therefore, after hybridization the DNA duplex leaves the surface which becomes available for electrochemical reaction. [27] Using a similar approach, Bonanni and Pumera [14] observed that, after immobilization of probe DNA on graphene platforms, the reaction with fully complementary target DNA resulted in a decrease of Rct, while in the case of SNP containing target DNA the decrease in Rct was much smaller, and negligible in the case of non-complementary DNA. Following a similar trend we show here a linear range that includes four orders of magnitude (from 10 -12 to 10 -9 M), and a sensitivity of 2.4x10 6 Ω/decade ( Figure 4A ). Figure 4B shows a calibration curve for the sensor based on the measurements of Figure 4A (Bode plots). Since the variation in Rct between ssDNA and the lowest concentration of cDNA studied here is 35%, it should be possible to build a sensor that can go to lower detection limits than those presented here. The inset in Figure 4B shows the sensors ability to detect SNP. Even at the highest SNP concentration the change in signal after reaction of ssDNA with SNP containing cDNA is less than 30%, which is lower than that of the lowest concentration of perfect match cDNA tested. Therefore the limit of detection of this sensor can be 
